• Flow variations in the peripheral vascular beds are usually related to changes in hydraulic impedance, i.e., to a reduction in calibers of the terminal arteries, arterioles and precapillary sphincters. Total interruption of flow suggests obliteration of the vascular lumen over at least a small segment of its total length. The concept of a thin-walled tube obliterating its lumen solely by active contraction of elements within its walls introduces both theoretical and practical problems. Such obliteration of lumen is even more difficult in thick-walled blood vessels. For example, large forces would be required to distort the wall components, especially those comprising the inner layer.
A previous report from this laboratory described the architectural deformations which occurred in small arteries (approximately 1 mm O.D.) during intense vasoconstriction. 1 A great increase in the thickness of the wall, reduction of the lumen, rearrangement of the components of the wall, and apparent compression and deformation of its elements adjacent to the lumen were seen; but occlusion was not demonstrated. Significantly, however, the flat, pavement-like, endothelial cells lining the inner aspect of the vessel had undergone plastic deformation. As a result they were shaped into rounded masses which protruded into the lumen of the vessel. It has been suggested frequently that a similar deformation in smaller vessels serves as the mechanism by which they are occluded. 2 "* Burton" anticipated that such a mechanism must exist, and Buck and Haynes (Burton, personal communication) undertook histologic studies of blood vessels in the quickfrozen tail of the rat to demonstrate its occurrence. Although vascular closure was observed, their technique involved application of external pressure on tissues surrounding the vessels as well as cold-induced vasoconstriction. There are in fact no published reports in which arteriolar occlusion due to vasoconstriction per se has been established histologically.
In the study reported here the appearance of small arterioles after perivascular infusion of epinephrine was observed microscopically. Histological evidence of complete vascular occlusion was sought in serial sections of locally constricted small arterioles and an attempt was made to determine the mechanisms by which occlusion had occurred. Finally, an attempt was made to determine the range of vessels that may become occluded completely.
Methods
The method was that used previously to study small arteries. 1 Young mongrel dogs, fasted 24 hours, were anesthetized with alpha-chloralose, and the mesentery of the small intestine was exposed through a midline laparotomy. Segments of mesentery were spread over specially designed cardboard holders to which they were then stapled; this procedure prevented loss of vascular contents and helped to maintain the distending pressure. The stapled segments were quickly excised and immersed in liquid isopentane at -170°C. The total time from stapling to freezing was less than 10 seconds. These tissues were freeze-substituted with osmium tetroxide for seven days at -70°C by a modification of the Feder and Sidman technique. 7 Subsequently, the tissues were mounted in paraffin blocks and sectioned serially at 5 fi thickness. Alternate sections were stained with hematoxylin and eosin and with a Weigert procedure, counter-stained with van Gieson stain.
VAN CITTERS
In each animal a segment of mesentery was first removed to serve as a control. A tiny droplet (about .01 ml) of a solution containing 10 /j.g of epinephrine per ml of saline was then injected into each of several other segments between layers of the mesentery adjacent to a small vessel network. A 30 gauge needle and a 0.5 ml syringe were used. Segments were excised at different times after infusion. In some instances a small amount of India ink was mixed with the epinephrine to identify the sites of injection in the histological material.
Results
The dog mesentery is a thin, nearly transparent sheet of connective tissue, supporting a network of blood vessels, nerves and lymph channels. Numerous small arterioles and venous twigs course through the mesentery to interconnect the networks of larger vessels. Since the mesentery is very thin, the vessels tend to run in one plane, and for the most part, are relatively straight. Sympathetic stimulation, or local injury due to handling, reduced the caliber of some of these vessels, but discrete regional narrowing always occurred in response to perivascular infusion of epinephrine. This intense local vasoconstriction usually lasted about 10 minutes. At its height, segmental narrowing was grossly visible in arteries with about 1 mm diameters, while smaller vascular twigs and arterioles, which had been grossly visible, tended to blanch and disappear from view.
The segments of mesentery which had been removed, frozen, stained, and serially sectioned, contained vessels with outside diameters ranging from a few microns to approximately one millimeter. Microscopic sections of these segments had the appearance of sheets of connective tissue between which many thick-walled cylinders, the cross sections of blood vessels, were imbedded. Most vessels had well-defined lumina which frequently contained formed elements of the blood, but there was a wide range in calibers and in the ratio of wall thickness to inside diameter.
The control sections contained relatively large numbers of thin-walled arterioles with large lumina ( fig. 1A ). In such vessels the smooth muscle cells and their nuclei were long and narrow. Since the endothelial cells were well flattened against the intimal elastic membrane, the lumen was regular and rounded and cross section of the vessel was nearly circular. The diameter of the lumen was typically 10 times greater than the wall thickness. A few vessels in the control sections had walls which were thicker in relation to the caliber of the lumen, suggesting some Selected cross sections of small arterioles from the dog mesentery. A: relatively dilated arteriole; lumen is widely patent, the wall very thin; endothelial cells are thinly spaced over the inner aspect, smooth muscle cells relatively long and thin. B: mildly constricted arteriole; endothelial cells and their nuclei bulge into lumen; smooth muscle cells are both shortened and thickened. C: constricted arteriole; contour is irregular owing to distortion of endothelial cells, which occupy major portion of inside internal elastic membrane. D: maximal constricted arteriole; lumen is totally obliterated by tightly packed endothelial cells and their nuclei. The sections which had been treated with epinephrine contained many arterioles in which the wall was very thick and the crosssectional area of the lumen was small (fig.  1C ). These vessels typically had short, thickened, smooth muscle cells and nuclei, and their endothelial cells were compressed and deformed to occupy a significant portion of the remaining lumen. The endothelial nuclei, in particular, were deformed into round, bead-like structures which protruded well out into the lumen so that its appearance in cross sections was quite irregular. The epinephrinetreated sections also contained a small number of arterioles in which no lumen could be identified ( fig. ID) . The lumen of such vessels was occupied by deformed endothelial cells, which had coalesced in the center of the vessel to form a mechanical obstruction. Most such obstructed arterioles were relatively small (outside diameter usually less than 25 \L when constricted), so that one to four endothelial cells were sufficient to obstruct the lumen. Examples of complete closure in larger vessels (outside diameter when constricted > 50/x), requiring six or more endothelial cells to close the lumen were progressively scarce as vessel size increased. No single example of complete closure was found among vessels which had more than ten endothelial cells in cross section.
In some constricted vessels the diameter of the lumen was reduced to 5 or 10 /x by inward projection of the compressed, deformed endothelial cells. Formed elements of the blood were trapped by the protrusion of these deformed endothelial cells, so that frequently a single red blood cell sealed off the tiny remaining patent lumen ( fig. 2) .
In order to determine the architectural rearrangements which take place in single arterioles during vasoconstriction, approximately 200 such small vessels were studied by inspection of serial microscopic sections. Changes in the thickness of the wall, the diameter of the lumen, and the appearance of mural components were studied in detail. Adjacent sections were compared so that the vessels could be reconstructed over their entire length. Many such vessels branched or changed course so that their orientation to 
Successive sections of a tightly constricted arteriole, stained with hematoxylin and eosin (H and E) and Weigert-van Cieson (WVG). Lumen is greatly reduced by compression and distortion of its endothelial components. Total occlusion of the vascular lumen resulted from trapping of a single erythrocyte.

FIGURE 3
Serial sections of a mesenteric arteriole demonstrating total vascular occlusion due to segmental vasoconstriction. At A the vessel is moderately constricted but patent. At B and C lumen is reduced incrementally and wall thickness increased. At D lumen is obliterated by compression of endothelial components within internal elastic membrane. At E, only a slight distance downstream, vessel is relaxed and lumen is again apparent.
the microtome edge varied, and it was impossible to follow their structure through more than a few serial sections. In most instances, however, at least six serial sections were available.
In most arterioles wide variations of diameter and of wall thickness were encountered over relatively short segments. Serial photomicrographs, employing phase contrast techniques, demonstrated that the lumina of these vessels commonly underwent progressive reduction in diameter from 20 fi to 0 (complete obstruction) within a total span of 40 /A ( fig.  3) . At the same time, the wall thickness increased markedly; changes in the ratio of wall thickness to lumen diameter from 1:5 to 25:0, were commonly observed. Attempts to determine the changes, if any, in the area of the vascular wall were abandoned; the measurements required were beyond the limits of the method.
The appearance of the vessel downstream from the point of maximal vasoconstriction was often almost identical with that upstream from it. For example, in figure 3 , the lumen diameter, wall thickness, and their ratio, as well as the histological appearance, are comparable in sections A and E. In these instances vasoconstriction appeared to be segmental, extending for only a small fraction of the total length of the vessel.
Discussion
The techniques for handling and fixing the tissues were designed to provide microscopic sections representing closely the functional state of blood vessels in vivo. Intravascular distending pressure was maintained by the stapling procedure; none of the blood vessels was collapsed. These precautions account for some obvious differences between these microscopic sections and those routinely obtained from excised tissues fixed in formalin. 1 Local application of epinephrine was recognized as an unphysiological stimulus for vasoconstriction. The adrenal medulla normally plays little, if any, role in the maintenance of vascular tone and the concentrations of epinephrine used were well above normal circulating levels. However, the intent was to produce intense vasoconstriction to display the maximal narrowing of which the vessels were capable. This result was consistently obtained.
The upper limit on the size of blood vessel the lumen of which can be obliterated by vasoconstriction is difficult to define. In vasoconstricted small arteries of about 1 mm diameter studied earlier, 1 the cross-sectional area of the lumen was drastically reduced and the wall to lumen ratio changed from 1:40 to 1:2, but complete occlusion was never observed. Even during the most intense vasoconstriction, the minimal cross-sectional area of the circle defined by the internal elastic membrane was far greater than the area occupied by the enclosed endothelial cells, so that the artery remained patent. In arterioles shown here in figures ID and 3D, shortening of smooth muscle cells reduced the crosssectional area of the circle enclosed by the internal elastic membrane until it encroached upon the area occupied by the endothelial cells, thus occluding the vessel. The determinants of total vascular occlusion by vasoconstriction must thus include the ratio of the area of enclosed deformable endothelial tissue to the minimal cross-sectional area defined by the internal elastic membrane. Since endothelial cells are not distributed in a precisely radial manner around the inner wall of the vessel, the number of these cells encountered in random cross sections is only a rough guide to the size of the vessel involved. Nevertheless, complete obliteration of the lumen was never encountered in sections of arterioles in which more than 10 endothelial cells could be identified, and examples of complete obstruction were progressively more common in vessels with smaller and smaller numbers of endothelial cells. In vessels in which the area of the enclosed endothelial cells is only slightly less than the minimal cross-sectional area of the lumen, It is apparent from figures 1 through 3 that the radii of arterioles are capable of a wider variation than are those of larger vessels. In common with larger vessels, however, every change in radius is accompanied by a change in wall thickness. The dynamic relationship between radius and wall thickness cannot be appreciated from histological study alone, because this approach does not permit the required precise measurements, particularly of the extent to which the cross-sectional area of the wall remains constant. If the vessel is considered to be a thick-walled cylinder whose wall area remains constant during progressive narrowing of the lumen (Poisson's ratio 0.5), each decrement in external radius is accompanied by a progressively greater decrease of internal radius and a corresponding increase of wall thickness. When taken to the limit, as in the constricted arterioles in figures 1, 2, and 3, the internal radius approaches zero, the external radius reaches a fixed minimum, and the wall thickness reaches a maximum. Wall tension is then supported by the innermost layer of the cylinder while tension in surrounding layers approaches zero. The gradient of tension across an arteriolar blood vessel wall has not been determined, but its profile is unlikely to be as regular as that of an ideal isotropic cylinder. The vessel wall is a complex nonhomogeneous structure with varying contributions from its elastic, plastic, and active tissues. The degree of dissimilarity is probably greatest in a maximally constricted arteriole, since its inner layers appear to be under compression while the tension is supported by active contraction of smooth muscle elements located near the outer radius.
Summary
The microscopic appearance of small arterioles during epinephrine-induced vasoconstriction was studied in the dog mesentery. The tissues were quick-frozen in situ with liquid isopentane, freeze-substituted, and sec-tioned serially. Obliteration of the lumina of small arterioles during vasoconstriction was demonstrated in both random and serial sections. Endothelial cells, which were ordinarily flattened against the internal elastic membrane, were compressed and deformed during vasoconstriction, so that they protruded into the lumen and often coalesced in the center of the vessel to form a mechanical obstruction to blood flow. Vascular obliteration occurred commonly in very small arterioles, but was observed with diminishing frequency in progressively larger arterioles, and was not identified in vessels large enough to accommodate more than 10 endothelial cells in cross sections. In an ideal cylinder, tension is greatest at the innermost layer, and the gradient of tension across the wall falls off in a nonlinear fashion. These conditions probably do not hold in a functioning arteriole.
